MINI-REVIEW
Temperature is a key environmental factor affecting plant distribution, growth, and development. Plants, as sessile organisms, must adapt their developmental program to changes in temperature. Temperature fluctuates both diurnally and seasonally and the fluctuations are sometimes drastic and sometimes subtle. Drastic temperature changes prompt the plant to mount a stress response, whether to heat or cold stress. Both the stress responses and the mechanisms behind the response are clearly understood (for detail, see the reviews [1] [2] [3] [4] ). However, little is known about the mechanisms behind plant responses to subtle changes in ambient temperature.
The Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) pointed out that the global average temperature has increased 0.85 C over the past 130 years and predicted that, by the end of 21st Century, global average temperatures will be at least 1.5 C higher than in the pre-industrial era (and possibly 3»5 C in some areas).
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Although global average temperature fluctuations represent subtle temperature changes for plants, mild increases in temperature do influence both the growth and the geographic distribution of plants. There has been a very rapid increase in the rate of flowering time of plants in Britain and China during the past decade. 6, 7 Furthermore, the vegetation distribution in the alpine meadow ecosystem has changed significantly on the Qinghai-Tibet Plateau. 8, 9 While ecologists have researched the impact of mild temperature changes on vegetation at a macro level, little study on plant molecular and physiological responses to mild ambient temperature changes has been done. A deeper understanding of the molecular mechanisms underlying plant responses to slight changes in ambient temperatures is indispensable. Mutant analysis of model plants (especially Arabidopsis thaliana) has proven to be a powerful tool used to analyze complex biological processes. For stress temperature responses, plant molecular biologists can easily use visible physiological phenotypes, such as wilting, to carry out large-scale mutant screening. 10, 11 But most plant phenotypes do not significantly differ under slightly different temperatures, apart from hypocotyls/petiole length and flowering time. Wigge reported a mutant-screening system for mild temperature changes in Arabidopsis 12 that does not rely on external phenotypes, but instead on expression of the HSP70 gene, which is regulated by temperature and increases with higher temperature. A mutant library was constructed in a HSP70::LUC (a fusion of the HSP70 promoter to Luciferase) background, and seedlings were screened by detecting fluorescence abnormalities at mildly elevated temperature. Using the above characterization (extrinsic phenotype and intrinsic markers), we obtained some mutants with differential responses to mild changes in ambient temperature. Through gene functional analysis, we found some mechanisms by which plants respond to mild changes in ambient temperature.
Hypocotyl elongation
One of the first manifestations of thermomorphogenesis is hypocotyl elongation, with hypocotyl length increasing with increasing temperature.
12 PHYTOCHROME INTERACTING FACTOR (PIF) and the phytohormone auxin play pivotal roles in this regulation. pif4 and auxin biosynthesis mutants [such as TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1 (taa1), YUCCA 8 (yuc8)] attenuate hypocotyl elongation at elevated temperature. [13] [14] [15] The increase in PIF4 levels at high temperatures results in increased binding of this activating transcription factor to the promoters of the auxin biosynthetic genes TAA1 and YUC8, which then activates auxin biosynthesis and signaling, leading to hypocotyl elongation. 15, 16 In addition to auxin, other plant hormones, such as brassinosteroids and gibberellins, are also reported to be involved in the regulation of high temperature-induced hypocotyl elongation.
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Flowering time
Much is known about the flower vernalization pathway, by which flowering time is regulated by temperature. 19 Many plants must undergo long-term exposure to cold (over-wintering) so that flowering can occur in the following spring. FLOWERING LOCUS C (FLC) represses floral inducer genes, such as FLOWERING LOCUS T (FT). But prolonged cold temperatures (weeks to months) represses the expression of FLC through epigenetic modification, which relieves its inhibition on FT. 20, 21 After sufficient vernalization, the plant can flower. The temperature required for vernalization is considered a stress temperature rather than the mild ambient temperature.
Flowering time is also influenced by moderate changes in ambient temperature. In A. thaliana, a moderate increase in temperature, such as from 23 C to either 25 C or 27 C, has the dramatic effect of inducing flowering under a non-inductive, short-day photoperiod. 22 Further studies suggest that warm temperature-induced flowering is associated with temperatureregulated chromosomal remodeling. Nucleosomes containing the histone variant H2A.Z confer a temperature dependence on transcription. For instance depletion of H2A.Z from the FT promoter in response to higher temperatures allows PIF4 to bind to the FT promoter and promote the expression of FT.
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The above research has shed some light onto how ambient temperature controls plant flowering time and thermomorphogenesis (especially hypocotyl elongation). However, very little is known about how roots (root phenology) will respond to climate change (or mild ambient temperature change). Soils also have seasonal and diurnal temperature fluctuations. Ecologists track the physical and chemical properties of soil and its biome under global climate change. 24 Many experiments in ecology and agronomy are based on the hypothesis that soil and air temperatures will increase by 2 C by the year 2100, as predicted by the IPCC. 5, 25 Soil temperature has significant effects on nutrient status, leaf length and number, stem length, and root number. 26 In nature, plant roots growing deeper under elevated soil temperature, perhaps because warming tends to increase evaporation and decrease precipitation, so plants respond with deeper root growth to access deeper water stores. 27 While the complete molecular mechanism underlying, downward root growth induced by elevated temperature remains unknown, our recent studies have revealed an interaction mediated by CKRC1 (Cytokinin-induced root curling 1) between auxin and ethylene plays important roles during the plant root (downward growth) response to slightly higher ambient temperatures.
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CKRC1 (also called TAA1) encodes a tryptophan aminotransferase involved in the indole-3-pyruvic acid (IPA) pathway of indole-3-acetic acid (IAA) biosynthesis and is also involved in the regulation of ethylene signaling. 14, 29 Previous research has shown that ckrc1 mutant plants respond to slightly higher temperatures with lesser elongation of the hypocotyls. 14, 30 We found that root growth (including root elongation and root gravitropism) of ckrc1-1 is more sensitive than WT to increased temperature. At 22 C, the ckrc1-1 primary root length was significantly shorter than WT and had reduced gravitropism (slightly curved growth) compared to WT plants. But at 27 C, the length of the ckrc1-1 primary root was significantly shorter and the root gravity defect was enhanced (curved growth, loss of gravitropism). As it was already known that YUC activity is downstream of TAA1 and that there are 11 YUC genes in Arabidopsis, [31] [32] [33] [34] the root growth of 11 yuc single mutants were compared at different temperatures (22 C and 27 C). None of the yuc mutants showed a root phenotype similar to ckrc1-1, indicating that CKRC1 plays a unique and central role in the response of roots (as measured by root length and root gravitropism) to higher ambient temperatures.
Ethylene and auxin treatment showed that ethylene, auxin and auxin polar transport are involved in this CKRC1-mediated regulation. Exogenous NAA (1-napthaleneacetic acid) and ACC (the ethylene precursor) treatment can rescue the root growth of ckrc1-1 at both 22 C and 27 C. IAA (indole-3-acetic acid) treatment rescued ckrc1-1 root growth at 22 C, but did not restore ckrc1-1 root growth at 27 C, as the roots were still slightly curved and shorter than WT. CKRC1-dependent auxin biosynthesis was critical for maintaining PIN-FORMED1 (PIN1), PIN2 and AUXIN RESISTANT 1(AUX1) expression at higher temperatures, as the expression of AUX1, PIN1 and PIN2 were significantly decreased in the root tip of ckrc1-1 grown at 27 C. The root curling of pin1, pin2 and aux1 mutants was more severe at 27 C than at 22 C, but higher temperature had no effect on the root growth of other pin mutants (pin3, pin4, pin5, pin6 and pin7). Ethylene regulates the sensitivity of ckrc1-1 to higher ambient temperature in an ETHYLENE INSENSITIVE1 (ETR1)-dependant pathway. A higher ambient temperature promotes CKRC1-dependent auxin biosynthesis by enhancing ETR1-mediated ethylene signaling. Based on those results, we proposed in that article that (1) higher temperature can increase the expression of CKRC1 by enhancing ETR1-mediated ethylene signaling, thereby promoting auxin biosynthesis at higher temperature, and (2) this CKRC1-mediated auxin biosynthesis is critical for the maintenance of AUX1, PIN1 and PIN2 expression at higher temperatures, which improves plant root adaptability (especially root gravitropism). 28 These data indicate that auxin and ethylene together play an important role in downward growth of roots at elevated temperature. Our further studies found that root elongation of ckrc1-1 is insensitive to lower temperature (submitted data). At 17 C, the root length of ckrc1-1 was significantly longer than that of Col-0. Comparison of the regulatory mechanisms of auxin and ethylene in response to ckrc1-1 at different temperatures (17 C, 22 C, 27 C) revealed that the interaction between signals and their downstream effects (activation of certain genes) are diverse at different ambient temperatures. In the root, the auxin signal increases with increasing temperature, but the ethylene signal varies, from up at 17 C to down at 22 C and back up at 27 C (a "V" trend). Ethylene inhibits root cell elongation independent of CKRC1 at 17
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CKRC1 at 22 C and 27 C. Low temperature-enhanced, ETR1-mediated ethylene signaling does not promote the expression of CKRC1, but high temperature does.
The trend of global warming is likely to continue, while our understanding of the molecular control of plant growth (especially root growth) in response to changes in ambient temperature is only just beginning. Adaptation to temperature is the basis of biological survival, and all biochemical reactions in the body require a suitable external temperature. This leads us to propose that mild temperature changes will not only affect plant root growth, hypocotyl elongation, and flowering time, but will also have broader impacts yet to be revealed, which is particularly important in the context of global warming.
Our results indicate that it is important to test moderate differences in ambient temperatures when studying the molecular mechanisms of plant adaptation to global climate change. After all, the interaction between signals and their effects are diverse at different ambient temperatures. Comparison of the molecular response mechanisms at different temperatures will help us better understand how plants adapt to global temperature changes. It is becoming increasingly important to see what the future of agriculture, phenology, and ecological might look like by understanding the negative effects of slightly higher ambient temperatures on plant physiology.
